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Abstract

:

Over the decades, air pollution has become a serious problem in Osorno, Chile. This study aims to clarify the source of PM2.5 by comprehensively analyzing its chemical composition and comparing it with meteorological conditions. The PM2.5 and filter samples were collected during April 2019–August 2019 using a continuous particulate monitor. The analyses were conducted using Image J software, ion chromatography, and backward trajectory. The ion composition and the PM2.5 were compared. The results on the PM2.5 and potassium (K+) concentrations indicated a correlation factor of 0.93, indicating that biomass combustion, such as wood burning, is the dominant source of PM2.5 in Osorno. High PM2.5 concentrations of over 170 to 1124 µg/m3 were observed in low temperature, low precipitation, and low wind speed periods—meteorological conditions contributed to the development of a thermal inversion layer. In addition, correlations of 0.61 to 0.67 were found among the detected ions that are often found in seawater. The backward trajectory analyses showed dominant air mass transport from the South Pacific Ocean, suggesting that part of the detected PM2.5 was derived from the marine environment. Continuous monitoring and mitigation strategies focusing on wood combustion activities are necessary to alleviate the current air pollution problem in Osorno city.
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1. Introduction


The city of Osorno is an urban city that had a population of 161460 in 2017 [1]; it is located 938 km south of Santiago, the capital of Chile. It is situated in the northern part of the Los Lagos Region in a fluvial valley defined by the confluence of the Rahue and Damas rivers. The city has an area of 32.07 km2 (3207 hectares, ha), equivalent to 3.4% of the total area of the commune of the same name (Figure 1). In recent years, particulate matter (PM) air pollution has become a serious problem in southern Chile, including Osorno, especially during the fall and winter seasons (April–September) [2]. For example, in 2014, for 169 days—nearly half of the days of the year—the PM2.5 (particulate matter of less than 2.5 µm) 24 h World Health Organization Guidelines (WHOG) of 15 µg/m3 were exceeded [3], showing how poor the air quality was throughout the year. This air pollution is said to affect citizens’ health, and in 2019, approximately 5810 deaths were attributable to PM2.5 in Chile [4].



The leading cause of air pollution in south-central Chile is considered to be the burning of firewood, used as a primary source of energy. It is reported that 96.3% of the population in Osorno uses firewood as a primary energy source for heating and cooking [2]. Many respiratory and cardiovascular diseases in Chile are related to wood burning, which emits PM [5]. In cities where wood smoke is the leading cause of air pollution, positive correlations between ambient particulate levels and mortality, hospital admissions, and acute respiratory infections for cardiovascular and respiratory diseases have been observed [6,7,8]. Moreover, several human epidemiological studies have found a consistent, strong relationship between PM exposure and lung and cardiovascular diseases [9,10,11,12].



Previous studies in Chile have investigated the correlation between PM2.5 and meteorological factors [13]. However, many studies have proven that the correlations between PM2.5 and meteorological factors vary with seasons and regions [14,15,16]. This study aims to clarify the source of PM2.5 in Osorno city by comprehensively analyzing the chemical compositions of PM2.5 and evaluating them in relation to meteorological conditions during part of the autumn–winter period of April to August. Furthermore, we attempt to provide information about the source and type of PM2.5 emissions and specific meteorological conditions.




2. Materials and Methods


2.1. Aerosol Samples


Aerosol samples were collected at the experimental monitoring station Emprender-ULagos, located at Colegio Emprender, Osorno (Figure 2 purple spot; latitude: 40°34′25″ S, longitude: 73°9′54″ W, altitude: 95 m) during April 2019–August 2019. Osorno city has an average altitude of 46.7 m above sea level (m.a.s.l.). It has a flat system of river terraces of 941.82 ha, with altitudes between 10 and 40 m.a.s.l., representing 64% of the inhabited and built surface of the urban system. Osorno is also characterized by a steep hill system towards the west, north, and southwest, with altitudes between 40 and 100 m.a.s.l.—equivalent to 527.84 ha—representing the remaining 36% of the built urban area. This detailed set of urban topographic characteristics constitutes an important factor for the circulation of winds within the city, and there is an approximately 73 m difference between the lowest and the highest points of the city.



Airborne PM2.5 was collected employing a continuous particulate monitor BAM 1020 (Met One Instruments Inc., Grants Pass, OR, USA), which automatically collects and measures the PM2.5 using beta ray attenuation, designated to a U.S. EPA Federal Equivalent Method [17]. Beta attenuation monitoring (BAM) is a widely used air monitoring technique employing the absorption of beta radiation by solid particles extracted from airflow.



Met One BAM1020 Filter Tape P/N 460180 (LOT No. A25349276; Met One Instruments Inc., Grants Pass, OR, USA) glass fiber filter rolls were used. Airflow was 16.7 L/min and the monitor constantly collected samples at one spot per hour, collecting 24 spot samples per day. In more detail, the count time on the BAM 1020 was set to 8 min for a PM2.5 beta attenuation measurement; it performs the 8 min beta attenuation monitoring at the beginning and the end of each hour, with a 42 min air sample period (701.4 L/h) in between, for a total of 58 min. The other two minutes of the hour are used for tape and nozzle movements during the cycle. Two filter rolls were used during the period of this investigation. The first filter roll collected samples from 31 March 2019 to 15 June 2019, and the second filter roll collected from 15 June 2019 to 31 August 2019. For data validation, internal data files were used from the official air quality monitoring system of the Ministry of Environment, Chile. Additionally, the instrument performed a zero-filter test every six months (before and after the autumn–winter seasons). Additionally, 48–72 h valid 1-h data points were collected to determine the background. The initial zero-test allows us to determine the instrument noise and confirm the lower detection limit (LLD). For an 8-min count cycle, the manufacturer indicates that the LLD should be <4.8 µg/m3 for a 1-h measurement cycle and <1.0 µg/m3 for a 24-h measurement cycle. If the LDD is exceeded, the equipment is subject to maintenance by the brand’s authorized technical service (SETEC Ltda., Santiago, Chile). The uncertainty of the measurement results is 16% [18]. BAM 1020 operators do routine tasks to ensure data output quality, in conformance with the BAM 1020 operator’s manual. Data validation is carried out by means of correlation analysis with the official PM2.5 monitoring station of the Ministry of Environment, El Alba–Osorno, which compiles the methodology guidance defined by the primary environmental quality standard for fine respirable particulate material PM2.5 (Decree 12/2011, Ministry of Environment, Chile), and by the regulation of stations for the measurement of atmospheric pollutants (Decree 61/2008, Ministry of Health, Chile). Along with the PM2.5 concentration (μg/m3), meteorological parameters such as temperature (°C), barometric pressure (hPa), relative humidity (%), wind direction (°), and wind speed (m/s) were also measured at this station. Rain fall (mm) was measured using a Rika Weather Station RK600 (Hunan Rika Electronic Tech Co., Ltd. Hunan, China). The analysis utilized WRPlot ViewTM (Lakes Environmental Software. Waterloo, ON, USA).



Furthermore, ambient temperature and pressure mapping was generated with the dataset obtained by a Met One E-Sampler, a portable monitoring station (Met One Instruments Inc., Grants Pass, OR, USA). A total of 78 measurement points was selected and monitored for the thermal and atmospheric pressure analyses in Osorno city.



All times used in this study for measurements conducted in Osorno city were in Chilean standard local time (CLT).




2.2. PM2.5 Analyses


PM2.5 variation analysis and comparison of PM2.5 and meteorological data were conducted to find the relationship between PM2.5 and meteorological data and the seasonal variation in PM2.5 concentration.



The PM2.5 concentration variation analyses were conducted to observe any seasonal, monthly, or daily concentration variations.




2.3. Image J Analysis


Image J is an image analysis software that measures the area, mean, standard deviation, lengths, angles, and minimum/maximum of an image. Either an entire image or a selected image section can be used for this analysis [19]. Image J software was employed to analyze the relationship between black carbon and PM2.5 concentration in this study.



All the filter samples were digitized using a scanner, and the grayscale was analyzed with Image J. Then, by selecting the individual spots on the filter one by one—as shown in the red square in Figure 3—a total of 1837 spots were measured. Finally, the mean data of the measured spots were quantified by a gray color scale, and the corresponding PM2.5 concentration data obtained from the measuring site were compared with this data.




2.4. Cartography


Cartographies were designed and generated with an interpolative geostatistical procedure using ArcGis Desktop 10.5 software (Environmental Systems Research Institute, Inc., ESRI. Redlands, CA, USA. 2020)




2.5. Ion Chromatography Analyses


2.5.1. Sample Preparation and Ion Chromatography Settings


Six individual spots were combined as one sample to fulfill the minimum required concentration for the chemical analyses. Six spots were chosen per combined sample to see the daily variation.



Individual spots on the filter were cut into a 1 cm2 size and put together in a group of six in a 12 mL polypropylene PP-16L test tube (Maruemu Co., Osaka, Japan). Polypropylene test tubes were chosen instead of glass test tubes because, by using glass test tubes, the elements contained in the glass (Si, Al, and more) may contaminate the sample and affect the test results [20]. Then, 4 mL of deionized distilled water (DDW) generated by an Auto Still WG262 (Yamato Scientific Co. Ltd., Yamanashi, Japan) was added and sonicated with an Ultra Sonic Cleaner USK (AS ONE Co., Osaka, Japan) for 20 min at room temperature (ca. 25 °C). The solution was then filtered with a Minisart® Syringe Filter, Pore Size 0.45 µm (Sartorius AG, Göttingen, Germany) and a 5 mL Terumo syringe (Terumo Co., Yamanashi, Japan) for excluding the core fractions of particulate matters.



The obtained data were then analyzed using ion chromatography. Anions (F−, Cl−, NO2−, Br−, NO3−, PO43−, and SO42−) were measured with IC-20 (Dionex Co., Sunnyvale, CA, USA) using an IonPac AS12A column (Thermo Fisher Scientific Co., Waltham, MA, USA) and an AERS 500 suppressor (Thermo Fisher Scientific Co., Waltham, MA, USA). The eluent was 2.7 mM Na2CO3 and 0.3 mM NaHCO3. The column oven temperature was 30 °C. A total of 25 µL of the extracted sample was injected, and the flow rate was 1.5 mL/min. The standard solution used for the anions was prepared using a multi-anion standard solution (Br−: 100 mg/l, Cl−: 20 mg/l, F−: 20 mg/l, NO2−: 100 mg/L, NO3−: 100 mg/L, PO43−: 200 mg/L, SO42-: 100 mg/L in H2O) purchased from FUJIFILM Wako Pure Chemical Co. (Osaka, Japan).



Cations (Li+, Na+, NH4+, Mg2+, Ca2+, and K+) were measured with IC-2010 (Tosoh Co. Tokyo, Japan) using a TSKgel Super IC–CR column (Tosoh Co. Tokyo, Japan), and a suppressor TSKgel suppress IC–C (Tosoh Co. Tokyo, Japan). The eluent was 2.2 mM methanesulfonic acid and 1.0 mM 18-crown-6 ether. The column oven temperature was 45 °C. A total of 30 µL of the extracted sample was injected, and the flow rate was 0.8 mL/min. The standard solution used for the positive ions was prepared using a multi-cation standard solution (Li+: 5 mg/L, Na+: 20 mg/L, NH4+: 25 mg/L, K+: 50 mg/L, Mg2+: 30 mg/L, Ca2+: 50 mg/L in 0.02 mol/L HNO3) purchased from FUJIFILM Wako Pure Chemical Co. (Osaka, Japan). Four concentration levels of working calibration standard solution for calibration curves were prepared by diluting the multi-standard solution. A good linear correlation was found, with a coefficient of determination higher than 0.995 for anions and 0.997 for cations. The method detection limits (MDL) for the ion chromatography for the solutions of anions and cations ranged from 0.012 mg/L for F− to 0.12 mg/L for PO43−, and from 0.007 mg/L for Na+ to 0.027 mg/L for K+. The estimated uncertainties of the detected ions in this study from the linear calibration curve were in the ranges of 2% for SO42− to 8% for Ca2+.



From the ion chromatography measurement results, the two analyses described below were conducted.




2.5.2. Comparison of PM2.5 Concentration and Individual Ions


The individual ion concentrations for both cations and anions were compared with the total concentration of PM2.5 by a beta ray attenuation method. This comparison revealed the ions that showed high correlations with PM2.5 concentrations.




2.5.3. Correlation of Selected Ions


Selected ions were compared to identify the correlations between individual ions. Mainly, anions (F−, Cl−, NO2−, Br−, NO3−, PO43−, and SO42−), and cations (Li+, Na+, NH4+, Mg2+, Ca2+, and K+) were compared with Na+, Cl−, and K+, which were highly detected in the ion chromatography results. Out of all the compared ions, one of the top three ions that showed the highest correlation coefficient is shown in the result section. The correlation coefficient was calculated using the CORREL function in Microsoft Excel® (2013). For this study, the correlation coefficients were classified as follows: <0.29 (little if any correlation); 0.3–0.49 (low correlation); 0.5–0.69 (moderate correlation); >0.7 (high correlation) [21,22,23].





2.6. Backward Trajectory Analysis


The backward trajectory model NOAA HYSPLIT [24] was employed to obtain long distance air transport for the multi-component analysis. Three-day backward trajectories were conducted for both days with high PM2.5 concentrations (5 July 2019) and low PM2.5 concentrations (19 July 2019) to observe the differences in the air transport between days with both high and low PM2.5 concentrations. The highest selected was 0 m above ground level at the measurement site, Colegio Emprender, Osorno. The time used for the analyses was Coordinated Universal Time (UTC).





3. Results and Discussion


3.1. PM2.5 Analyses


3.1.1. PM2.5 Variation Analysis


This analysis was conducted to observe the daily variation in PM2.5 concentration using PM2.5 concentration data obtained from the sampling site. The daily variation analysis was conducted to determine the peak hours of PM2.5 pollution.



Figure 4 shows the daily variation in PM2.5 concentration. The PM2.5 concentration value showed large peaks between 19:00 and 23:00 (CLT), and two small peaks between 7:00 and 12:00 (CLT). These peaks occurred during the period in which many home activities are carried out by the local people. The peaks between 07:00 and 12:00 (CLT) may be due to meal preparation before school and work activities. The marked PM2.5 emissions increase at 19:00 (CLT) could be due to people returning from school and work to homes, increasing the demand for heating, along with various activities. In the last peak, at around 23:00 (CLT), the operation of heating devices to maintain comfortable temperatures in each household resulted in more emissions from wood burning, to keep the house heated at night. Furthermore, partially closing the draft hoods on heating equipment slows down the generation of heat, which contributes to incomplete combustion of the wood. This increasing trend in PM2.5 concentration at night can be seen in the top five highest PM2.5 concentration days. This result, showing two peaks in the morning and at night, is similar to the results obtained in densely populated New York and Beijing—both PM-polluted cities [16,25]. Many Chilean people use wood-burning devices for heating and/or cooking; these devices emit fine and coarse particles that contain toxic atmospheric pollutants [15].




3.1.2. PM2.5 and Meteorological Factors


The previous study reported that temperature, relative humidity, and wind speed influenced air pollutant concentrations [15,26]. In order to examine similar trends in Osorno, 6-h average meteorological data were compared with PM2.5 concentrations.



Figure 5a shows the relationship between PM2.5 concentration and temperature. The high PM2.5 concentration events are often seen at air temperatures between 5 and 10 °C. With the start of morning activities, increased emission of PM2.5 was associated with the anticipated use of wood-burning stoves for heating. The periods with temperatures below 5 °C did not show higher PM2.5 concentrations; a possible explanation is that the lowest temperature hours often occur in the early morning, when people are asleep and activities are limited. This idea accords with Figure 4, where at around 07:00 (CLT) the PM2.5 concentration starts to increase. Daily temperature variation in Osorno city reported by the Ministry of Environment showed that the early morning hours have the lowest temperatures of the day [27].



Figure 5b shows the thermal analysis in Osorno city, including the emergency alert-level days of PM2.5 above 170 µg/m3 during fall–winter 2019. Low temperatures (ca. 4.3 °C) were predominant in the north and northwest part of the city, coinciding with the highest urban altitudes (ranging from 80 up to 122 m.a.s.l.). The second lowest temperatures (ca. 8.8 °C) were indicated in low altitude sections by the rivers; however, the ca. 40 to 60 m asl section in the south part of the city showed higher temperatures (ca. 13.3 °C). During the cold period, thermal inversions layers can form due to surface cooling, which prevents the air from mixing and promotes heavy air pollution episodes [25,26,28,29,30]. Additionally, at lower temperatures, increased emissions are associated with the combustion of firewood for heating [31,32,33]. Since meteorological conditions contribute greatly to thermal inversion layers, multiple factors, such as the thermal analyses done in this figure, must be conducted to prove heavy air pollution events. The highest temperature periods (ca. 13.3 °C) were observed in the south and southwest region of the city, on lands with altitudes ranging from 60 to 80 m.a.s.l (supplementary materials Video S1). The river basins showed an intermediate temperature profile during this period. Urban topography is a considerable factor in thermal variations recorded during April to September in different parts of the city, which increases the demand for firewood for heating.



Figure 5c shows the relationship between PM2.5 concentration and precipitation. The PM2.5 concentrations tended to be lower during precipitation events; this may be explained by the wash-out effect of the rain droplets [33]. In addition, it has been reported that a high concentration of PM2.5 is associated with changes in the vertical structure of clouds, which reduces the occurrence of local-scale precipitation [34,35,36,37], leading to less precipitation. The relationship between air pollution and precipitation is complex. Therefore, the obtained data should be considered one aspect of the PM2.5 concentration and precipitation relationship.



Figure 5d shows the atmospheric pressure mapping generated through 78 measurement points taken with an E-Sampler in Osorno city during fall–winter 2019. This figure shows a high correlation with Figure 5b. High-pressure domains were in the north, northwest, and northeast areas of the city (warm colors). From these areas, the displacement of urban air masses took place towards the southern and eastern areas, with lower barometric pressures (cold colors). The warm wind blowing from the north to the south indicates that wind brings PM pollution to the southern region.



Figure 5e shows the relationship between PM2.5 concentration and wind speed. This figure was based on the daily average instead of the six-hour averages of the other figures. As the wind speeds decreased, the PM2.5 concentration increased. Therefore, the dispersion of PM2.5 by strong winds is the most likely explanation. Additionally, these data indicate that the source of the PM was near the measurement station, which implies that Osorno city is the source of the PM2.5. Since Osorno city is located between Los Andes and the coastal mountains, episodic meteorological conditions produce poor ventilation in the valleys, and emissions due to anthropogenic activities [26,28,29,38,39]. Stagnant wind conditions allow air pollutants to accumulate, resulting in elevated and localized concentrations of air pollutants [16]. The topography influences PM2.5 concentrations even at the within-city level [40].



Figure 5f shows that the wind rose, indicating the wind speed and direction at the sampling site. The average wind speed was 0.32 m/s, with a calm wind frequency of 46.43%, resultant vector 20° (47%). Degrees (°) represent the origin of the wind, i.e., 0°, blowing from the north direction. Data were obtained from 3702 h of recording and 61.88% data availability. It can be seen that most of the particles came from 0–120° of the sampling site, indicating that the wind within Osorno city blows mainly from the north to the south, bringing PM to the sampling site. Since the wind continues to blow further south, it is important to establish a monitoring station to obtain data (supplementary materials Figure S1). Furthermore, the southwest region of the city has higher cases of respiratory infectious diseases; this area requires additional attention. Although there is some evidence to correlate respiratory infectious diseases and air pollution levels [41,42], it is important to monitor PM and other meteorological parameters in this southwest region.



Figure 6 shows the relationship between Chilean air quality indexes (depending on PM2.5 ranges) and meteorological parameters. Critical episodes of pollution, in both pre-emergency (red triangles) and emergency (purple diamonds) indexes, are inversely related to the minimum temperatures of the day—as Figure 6A shows; in the same way, and as was mentioned before, critical episodes of air pollution are associated with the lowest wind speeds and the absence of rain, as depicted in Figure 6B,C, respectively. Table 1 summarizes the meteorological data, according to the different air quality indexes (depicted in different colors).





3.2. Image J Analysis


In Figure 7, the PM2.5 concentrations increase exponentially as the grayscale values decrease. This figure shows the grayscale analysis results. A lower grayscale mean value indicates a darker filter color, and a higher grayscale mean value indicates a lighter filter color. A smaller grayscale mean value indicates lots of darker PM, suspected to be soot or rich in black carbon-containing pollutants, in the filter.



There are two possible reasons for this result. First, the filter color does not become darker after a certain level because the PM derived from biomass burning may have greater grayscale values with a lighter color, which does not show a correlation after a specific level of PM concentration. Second, the design of the sampling device may allow PM to accumulate in a focused spot, where a three-dimensional accumulation of PM2.5 occurs. This pile-up effect of PM2.5 on the filter surface, depositing PM2.5 particles on top of each other perpendicular to the filter surface, may decrease the Image J values.



This non-linear relationship with values less than 100 may suggest that the leading cause of PM2.5 emissions is not fossil fuel-related combustion, which often emits large amounts of soot and contributes to the darkness of the filter, showing high correlations with the PM2.5 concentration [43]. Since it is said that 96% of the population in Osorno uses firewood as a primary energy source [2], the non-linear relationship between the grayscale mean and PM2.5 concentration over and under 100 seen in Figure 7 may indicate a large contribution of PM2.5 from the incomplete combustion of firewood. It is said that soot is formed from the incomplete combustion of biomass and conventional fossil fuels [44]. However, it is suggested that increasing the combustion temperature promotes soot aggregation and generates more mature primary particles [45]. Therefore, firewood that burns at relatively low temperatures, compared to the internal combustion of fossil fuels, generates particulate matter with less oxidized incomplete substances than soot with relatively higher grayscale values. In Osorno, many households use fuels other than wood, i.e., various wastes, for burning, so this may lower the temperature and become a part of the reason for the incomplete combustion of wood.




3.3. Ion Chromatography Analysis


3.3.1. Comparison of PM2.5 Concentration and Individual Ions


Figure 8a shows the monthly variation in PM2.5 concentration. Data for 19 May–23 May 2019 was not obtained due to the malfunction of the beta ray attenuation unit for PM2.5 measurements. However, the filter rolls collected PM during this period despite the malfunction, so the individual ion data has no deficiencies.



The top five highest concentrations of PM2.5 were observed at 22:00 CLT on 2 August 2019 (1124 µg/m3), at 19:00 CLT on 5 July 2019 (1014 µg/m3), at 23:00 CLT on 30 June 2019 (982 µg/m3), at 23:00 CLT on 2 August 2019 23:00 (965 µg/m3), and at 21:00 CLT at 2 August 2019 (920 µg/m3) [26]. This observation is consistent with the data reported by the official monitoring station of the Ministry of Environment in El Alba, located in the central area of Osorno. The PM2.5 values were higher than 1000 µg/m3 during July 2019. Additionally, June and July showed the highest winter PM2.5 averages. From these data, it can be said that the winter season (June–August), on days with low temperatures, low wind speed, and little precipitation, had the highest PM2.5 concentrations for the experimental period of five months.



Figure 8 shows a clear similarity between (a) and (b), i.e., PM2.5 and K+ concentrations. However, there are no similarities between PM2.5 and Na+ and Cl−, as indicated in Figure 8a,c and Figure 8a,d. K+ is an index of biomass combustion, such as that with firewood [46,47]. This result indicates that biomass combustion with K+ as an indicator has a large impact on the PM2.5 pollution in Osorno.




3.3.2. Correlation of Selected Ions


Anions F−, Cl−, NO3−, and SO42−, and cations Na+, NH4+, Mg2+, Ca2+, and K+, which were highly detected in the 3.3.1 ion chromatography results, were compared with each other. Out of the 81 analyses, Na+ and K+, and K+ and F− showed moderate correlation coefficients of 0.67, respectively (Table 2, Figures S2 and S3). The highest correlation coefficient value of 0.93 was observed with PM2.5 and K+, indicating a strong connection between PM2.5 concentration and biomass burning.



Figure 9 indicates a correlation of Cl− and Na+ with the coefficient value of 0.62. No adjustments have been made to the outlying data. Outlying data at the bottom section had a low Cl− concentration, below 0.1 mg/L. These sample spots were extracted and compared with meteorological data sets. From Table 3, these low Cl− concentration cluster spots had an average RH of 91(±9)%, but 15 out of 23 points indicated 0 mm precipitation, and the rest of the 8 spots had 0.6 to 1.9 mm of precipitation. Additionally, those spots showed an average wind speed of 0.25(±0.25) m/s, indicating a possible scenario of foggy days with low wind speeds. Such weather conditions allow Cl− to escape from the PM more readily, forming the low Cl− cluster. This phenomenon has been observed for a few decades, yet the detailed mechanism is still not fully understood [48,49,50]. This trend was also seen in Ca2+–Cl−, and Mg2+–Na+ from the same dates. Cl− can also be emitted from biomass burning [51,52]. In addition, a part of the NO3− replaces Cl− in NaCl to produce NaNO3. The presence of NO3− and Na+ in a certain ratio may produce NaNO3; further oxidation of NOX may generate NO3− ions through an oxidation process, which then replace the Cl− ions.





3.4. Backward Trajectory Analysis


A backward trajectory analysis was conducted to simulate the air mass movement into Osorno. Figure 10a shows 5 July 2019 with a high PM2.5 concentration, and Figure 10b shows 19 July 2019 with a low PM2.5 concentration. The backward trajectory analyses conducted for both days with high and low PM2.5 concentrations showed a clear trend in the air mass movement into Osorno city from the South Pacific Ocean. These trajectory results suggest that marine aerosols may contribute to the PM2.5 in Osorno as a continuous input. A portion of the water-soluble ions in PM2.5 contain some marine-origin particulate matter; however, the total amount is somewhat limited. Thus, the marine-originated particulate matter is considered a limited base component of PM2.5 in Osorno city. Na+ is an ion also derived from biomass burning, so it is important to understand that the marine-derived Na+ is not the only source of Na+ detected from PM, since it is difficult to distinguish one from another. As mentioned above, Osorno city receives air mass from the South Pacific Ocean, and it is important to consider the effects of marine environment-derived Na+ or Cl−, as it may affect data interpretation.





4. Conclusions


In this investigation, a strong correlation factor of 0.93 was found between PM2.5 concentration and K+. This result indicates that the monitoring of K+ can be employed as an index of biomass combustion, which is a leading cause of the high PM2.5 concentration in Osorno city. Additionally, the topographical features of Osorno city cause the thermal inversion layers to occur and cause increased concentrations of PM2.5.



A moderate correlation was found among the detected ions in PM2.5, which are often found in marine aerosols. This finding accords with the relatively low mountains on the west side of Osorno, allowing the air mass to reach the city and explaining the results of the backward trajectory analyses, showing a prevailing air mass movement from the South Pacific Ocean. However, the moderate correlation of marine-origin ions detected shows the difficulty of assessing the contribution of marine-origin PM2.5 in Osorno city. More importantly, the aforementioned PM2.5, which is generated from biomass burning combustion and from the thermal inversion layer caused by the topographical features of the Osorno city, contributed to high PM2.5 concentrations—reaching an emergency level of 1124 µg/m3. Therefore, continuous monitoring and mitigation strategies focusing on wood combustion activities are necessary to alleviate the current air pollution problem in Osorno city.
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Figure 1. Geographical location of the study area. Bar, 500 km. 
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Figure 2. A map showing the city of Osorno and the sampling site, Colegio Emprender Osorno. Bar, 1 km. 
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Figure 3. An example of the filter samples used for the Image J analysis. The red square shows how the samples were measured and all the times are indicated in Chilean standard local time (CLT). 
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Figure 4. Daily variation in PM2.5 concentration from April 2019 to August 2019. 
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Figure 5. Correlation between PM2.5 concentrations and some meteorological factors are indicated: (a) PM2.5 and temperature, (b) thermal analysis in Osorno city, (c) PM2.5 and precipitation, (d) atmospheric pressure of Osorno city with a color scale in hPa, (e) PM2.5 and daily average wind speed, and (f) wind rose in Osorno city during moderate air quality index days. Purple dots in (b,d) indicate the Emprender-ULagos air monitoring station sampling site, with the horizontal scale of the bar at 1 km. 
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Figure 6. Relationships between PM2.5, colored according to the Chilean air quality indexes defined by the Ministry of Environment, and meteorological factors. (A) the lowest (minimum) temperature of the day, (B) daily average wind speed, and (C) rain fall in 24 h. 
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Figure 7. Image J analysis of grayscale mean value and PM2,5 concentration plot for each sampling spot. The left bottom image in the balloon is a dark-colored PM2.5 sampling spot that indicates a small number of grayscale mean values, and the right gray-colored spot image of the right balloon image has higher grayscale mean values. 
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Figure 8. April 2019 to August 2019 (part of autumn–winter) monthly variation in (a) PM2.5 concentration, (b) K+ concentration, (c) Na+ concentration, and (d) Cl− concentration. 
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Figure 9. Relationship between the detected ions; Na+ and Cl−. 
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Figure 10. (a) 5 July 2019 with a high PM2.5 concentration and (b) 19 July 2019 with a low PM2.5 concentration. 
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Table 1. Summary of meteorological data, according to the air quality indexes defined by the Chilean Ministry of Environment (Min. Environ).
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	24 h-Average PM2.5 Range

(µg/m3)
	Defined

Air Quality

(Min. Environ.)
	Measured

24 h-Average

PM2.5 (µg/m3)
	Days

(#)
	RH

(%)
	Tmin

(°C)
	Tmax

(°C)
	PB

(hPa)
	Wind Speed

(m/s)
	Rainfall

(mm/24 h)





	0–50
	Good
	27.4 ± 10.8
	77
	88.8 ± 7.1
	9.3 ± 2.9
	15.5 ± 3.4
	1007 ± 5.6
	0.35 ± 0.31
	0.42 ± 0.36



	51–79
	Moderate
	63.7 ± 9.7
	26
	89.1 ± 6.4
	6.7 ± 2.7
	13.6 ± 3.0
	1009 ± 5.5
	0.39 ± 0.47
	0.21 ± 0.23



	80–109
	Alert
	93.3 ± 11.2
	18
	88.6 ± 6.7
	5.9 ± 2.7
	13.7 ± 3.2
	1012 ± 4.4
	0.30 ± 0.38
	0.14 ± 0.15



	110–169
	Preemergency
	132.5 ± 16
	17
	88.3 ± 6.8
	3.8 ± 2.7
	13.1 ± 3.3
	1012 ± 6.6
	0.27 ± 0.27
	0.09 ± 0.24



	≥170
	Emergency
	228.0 ± 58.0
	12
	91.8 ± 3.9
	2.5 ± 1.9
	11.6 ± 2.0
	1015 ± 4.7
	0.11 ± 0.20
	0.02 ± 0.04







Values, Mean ± SD.
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Table 2. The correlation matrix between ions and PM2.5. The bold font indicates the highest correlation coefficient value.
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	F−
	Cl−
	NO3−
	SO42−
	Na+
	NH4+
	Mg2+
	Ca2+
	K+
	PM2.5





	F−
	-
	0.65
	0.48
	0.48
	0.52
	0.35
	0.2
	0.16
	0.67
	0.07



	Cl−
	-
	-
	0.42
	0.58
	0.62
	0.29
	0.38
	0.2
	0.58
	0.51



	NO3−
	-
	-
	-
	0.4
	0.35
	0.28
	0.14
	0.18
	0.39
	0.08



	SO42−
	-
	-
	-
	-
	0.4
	0.01
	0.18
	0.29
	0.2
	0.17



	Na+
	-
	-
	-
	-
	-
	0.35
	0.61
	0.55
	0.67
	0.59



	NH4+
	-
	-
	-
	-
	-
	-
	0.14
	0.15
	0.6
	0.17



	Mg2+
	-
	-
	-
	-
	-
	-
	-
	0.48
	0.26
	0.14



	Ca2+
	-
	-
	-
	-
	-
	-
	-
	-
	0.19
	0.06



	K+
	-
	-
	-
	-
	-
	-
	-
	-
	-
	0.93



	PM2.5
	
	
	
	
	
	
	
	
	
	-
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Table 3. Selective or faster removal process data for Figure 8. The data shown are 6-h averages. (Data for August 31 are 4-h averages).
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	Date, Hours
	PM2.5

(µg/m3)
	HR

(%)
	Temp.

(°C)
	Wind Speed (m/s)
	Wind

Direction (°)
	Rainfall

(mm)





	3 July, 18–23
	361.5
	91.8
	8.1
	0.2
	4
	0.0



	29 July, 6–11
	24.0
	98.3
	12.2
	-
	-
	0.0



	29 July, 12–17
	36.5
	95.2
	12.8
	-
	-
	0.9



	29 July, 18–23
	21.3
	98.9
	12.1
	-
	-
	1.6



	26 August, 18–23
	208.0
	80.9
	8.4
	0.2
	28
	0.0



	27 August, 0–5
	60.2
	99.1
	3.9
	0.0
	0–28
	0.0



	27 August, 6–11
	14.5
	93.4
	8.3
	0.2
	0
	0.0



	27 August, 12–17
	12.7
	89.4
	12.9
	0.5
	0–22
	1.0



	27 August, 18–23
	32.7
	98.4
	13.0
	0.2
	60–174
	1.9



	28 August, 0–5
	14.7
	97.9
	10.2
	0.8
	4–174
	1.0



	28 August, 6–11
	19.0
	98.3
	8.1
	0.0
	60–150
	1.5



	28 August, 12–17
	18.3
	74.4
	11.5
	0.5
	150
	0.0



	28 August, 18–23
	93.2
	93.8
	8.5
	0.2
	150–184
	0.6



	29 August, 0–5
	19.8
	98.2
	7.3
	0.0
	34–184
	0.6



	29 August, 6–11
	25.5
	93.3
	9.0
	0.0
	38
	0.0



	29 August, 12–17
	11.8
	74.3
	13.0
	0.8
	38–40
	0.0



	29 August, 18–23
	91.8
	89.0
	9.4
	0.3
	40
	0.0



	30 August, 0–5
	28.8
	96.9
	8.1
	0.0
	0–40
	0.0



	30 August, 6–11
	50.3
	85.0
	9.9
	0.0
	0
	0.0



	30 August, 12–17
	16.2
	67.8
	14.1
	0.3
	0
	0.0



	30 August, 18–23
	84.7
	88.4
	9.9
	0.5
	0–2
	0.0



	31 August, 0–4
	91.0
	95.7
	7.4
	0.0
	0–2
	0.0



	31 August, 5–8
	72.0
	97.9
	6.5
	0.3
	0
	0.0
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
:

¥=-277.2In(x) + 1501.9
R=0828

PM, ; concentration (ug/i)
g

50 100 150 200 250
grayscale mean

L2






media/file4.png
73°8|'0"W

40°34'20"S
!

OSORNO CITY

LEGEND
@ SAMPLING SITE

2 \ / RIVERS
@?Qﬁwﬁﬁ“"\\&\ W - Altitude [m.a.s.1]
‘ \
gl @‘t Wiy i .\\\\“uqn B 10-20
p 27! “Lu“ wi AV \““-‘\E C 21-40
W ||||' A . T ) [ 41-60
P Ry, ' ol B > 60

. ﬂl

'*:7 . l-

na;,?;., o, VT < \ :\“"
i%[# /A " 88 - %‘

73°8'0"W

40°34'20"S





media/file18.png
0.07
0.06
0.05

<
<
o

0.03

0.6210 |

R

0.02

0.01

0.06

0.05

0.04

0.03

Na

0.02

0.01






media/file3.jpg
40°3420'S

7BOW

0SORNO CITY

Leceno
® sweuncsTe

7380w

40°3420°S





media/file19.jpg
@

NOMHYSPLIT HODEL
Backowar vajociorios endng a1 200 UTC 05l 19
'GOAS MotoroapealOaa

®)
NORWYSPLIT ODEL

Backward lecions oning al 0800 UTC 19,0 19
GDAS Motooroe Dt

Sowce s M 40578 T3ISW.

Soucos 3 0575 EAW

Moters AGL

Mot AGL

T e ER LT

b W ed






media/file7.jpg
PM:: daily variation

1200

§ 8 8 ¢8 8

(u/Arvonenver0 sTg

7 891011 1213141516 1718 1920 212223h

23456

o






media/file10.png
40°330'S

40°360°S

73‘9"0'\N 73’8]0'\N
(a) PM2s and Temperature (b) :[® ~1 - r—
30 3 ATHOSPHERIC TEMPERATURE 2019
= _ THERMAL ANALYSIS
25 yny 4
8 20
g
- }
o© . ]
o 10 o ‘.. s D . g
= ey *° . . . = & LEGEND
£ Ve L, H v . § @® SAMPLING SITE
& 5 ° L I LA 4 STREETS
o o N g ISOTERM
o § Value1 a3
5 0|3 o
g
0 200 400 600 800 1000 1200 1400 1600 g . E
3. .
PM2.s concentration(ug/m) ‘ (Y
7390w 7360W
5 % . T3TOW 3E0W
(c) PM:zs and Precipitation (d) .[o = 0SORNO CITY
10 ’;_ B ATMOSPHERIC PRESSURE 2019
9 s  ISOBARIC ANALYSIS
P 8
£ .
E 7 LEGEND
- @ SAMPLING SITE
0 te. ISOBAR
‘a 5 o -~ RIVERS
. ° P
:‘é. 4 t$. . .6 - 1.002
£ ==
ﬂ' -
’ " on- 1019
l LR E ° d : 1.016
0 - . ‘eamme em cmome wmes e o e ®mee0 e o o o - e [ : :g;?
o 022-1.023
0 200 400 600 800 1000 1200 1400 1600 5- 024 - 1.026
) —
PM2.s concentration(ug/m) =

40°33'0"S

40°360"S

(e) PM2s and wind speed (f)

25
— 2
<
£ .
o 1.5 L
()]
[ | &
© .
£ @ e WIND SPEED
; 0.5 : e o . . (m/s)
—.:: ... . : o.. . - >=11,10
-.:o.“. wese @ o ° oc. . - 8,80-11,10
0 e oo o . . o o . o o o - 570-8.80
0 50 100 150 200 250 300 350 400 M :e0-570
PM2.5 concentration (ug/m) £ 210-360

[ o0s0-210






media/file14.png
10,000
y =-277.2In(x) + 1501.9

=
o RZ = 0.828
2 1,000
c
o
£ 100
C
S
S
S 10
EN
Q.

1

50 100 150 200 250
grayscale mean






media/file11.jpg
vaverage P g’ “2evaverge P ) Unaverage Pl (i)






media/file6.png
6 July 0:00 - 11:59 .
00> oeeeo
6 July 12:00 - 23:59

@ 10000

5 July 0:00 - 11:59

5 July 12:00 - 23:59

00° 10000000
0:00-11:59
0000 2000000

4 July 12:00 - 23:59

®® 00000006

3 July 0:00 - 11:59

«
.0 ’\ \ “\ Pa
" | AN

3 July 12:00 - 23:59

T 2000000

icm






media/file15.jpg
|
;

i






nav.xhtml


  atmosphere-13-00168


  
    		
      atmosphere-13-00168
    


  




  





media/file16.png
(a)

8

:

8

600
400

200

o lkL
April

PM2.5 concentration(ug/m)

PM:zs monthly variation

Ll

June July

August

(b)

mass(mg)

0.035
0.03
0.025
0.02
0.015
0.01
0.005

April

K#

May June July August

(c)

0.06
0.05
= 0.04
=V
2 0.03

1%}

O
20,02
0.01

0
April

May June July August

(d)

Mass (mg)
o o o o
o B8 B & 8

April

May June July August






media/file2.png
80°0'0"W

S.0.0.0€

S.0.0.09

>
([ £
o

AT

= \4u..rfAv)/ -

<X x.l:.rf."l—ﬁ.,l e TR

O RSN
o

MR ) Ao

...U,/ ,,

o)

1w

0
S
= <
< Wl
O x iy =z
o< WY
— > O = o
-0 T2 AN B,
< D == Ll =
O = 0w o
T 5 o W
o W Ol
< T e " M
o a m g
o % d =

@ = O-to's=)
o w 2 0 O
1T O rith
O (0) y
Ll
i
S.0.0.0€ S.0.0.06

80°0'0"W





media/file20.png
Meters AGL

Source » at 4057S 73.15W

(a)

NOAA HYSPLIT MODEL

Backward trajectories ending at 2200 UTC 05 Jul 19

GDAS Meteorological Data

Y o Ty

—‘\,—-lVJL

~
-

Source 1 lat.:-40.571545 lon.: -73.148346 height: 0.5

Trajectory Direction: Backward  Duration: 72 hrs .
Vertical Motion Calculation Method: Model Vertical Velocity
Meteorology: 0000Z 1 Jul 2019 - GDAS1

18 12 06 00 18 12 06 00 18 12 06 00
07/05 07/04 07/03
Job ID: 179451 Job Start: Wed Jul 21 00:49:17 UTC 2021

Meters AGL

(b)
NOAA HYSPLIT MODEL
Backward trajectories ending at 0800 UTC 19 Jul 19
GDAS Meteorological Data

73.14 W

410

Source » at 4057 S

) 'SH =

00 18 12 06 00 18 12 06 00 18 12
07/19 0718 0717
Job ID: 134329 Job Start: Tue Jul 27 00:12:50 UTC 2021

Source 1 lat.:-40.572500 lon.:-73.135300 height: 0 m AGL

Trajectory Direction: Backward  Duration: 72 hrs
Vertical Motion Calculation Method: Model Vertical Velocity
Meteorology: 0000Z 15 Jul 2019 - GDAS1






media/file5.jpg
6 July
00600 oooooo

0e: 10000000
4 July 0:00 - 11:59
000" <00 0o

4 July 12:00 - 23:!

3 July 12:00 - 23:59

" cee000e

Tem






media/file1.jpg
30°00°S

80°00W.

GEOGRAPHICAL LOCATION
OF THE STUDY AREA'

LEGEND

a osoRNODISTRICT
LOSLAGOS REGION
SOUTH AMERICA

8000w

3000°S

50'00°S





media/file12.png
>
=

201 2.0+
‘a‘ °
£ 1.5- "
g A
3 1.0+ N
0 [ .. nn
-g 0.5- eoo =u v e
s g
-5- 0.0- oo AAYY e .o .
0 50 100 150 200 250 300 350 400 (l) ' 5'0 '1(')0'150'260'250'360'350'460
24h-average PM, 5 (pglm3) 24h-average PM, 5 (pglms)

O

—
(4]
1

A

—
o
1

Rain fall (mm / 24h)
o
o

0.0-

= * GOOD
‘ ~  MODERATE
" +  ALERT
_— b v PREEMERGENCY
H . + EMERGENCY
L u
® 09
-e s 4
e A AL
L J - A ¥ *e
GER L WTEVY 8 e *e -
0 50 100 150 200 250 300 350 400

24h-average PM, 5 (pglms)





media/file9.jpg
(@) s and Temperature o)

fr—

s Prepaton @

ey

0] P and wind e o






media/file0.png





media/file8.png
PM.;s daily variation

1200

e o scoommmamm
) . * o0 ®¢ cummmm

o o o o o o

o o o o =)

m 0 o) < ™~

(W /38r)uonesyuaduod sziAd

2 34 5 6 7 8 9 1011 12 1314 1516 17 18 1920 21 22 23 h

1

0






media/file17.jpg
007

006

005

004

003

00

001

oo

008

005

006






